This paper utilizes the virtual water concept to evaluate water usage of agricultural production in West Texas. This work evaluates the measure of virtual water, as it relates to informing water policy in a semi-arid, agriculture-intensive region, which relies upon a minimally renewable groundwater resource. The results suggest that production in the region reflects a collective effort to capture the highest value from the water resource, consistent with the virtual water philosophy, even in the absence of specific water policy toward that goal. Additionally, this work takes advantage of high resolution data to reinforce the need to calibrate virtual water calculations to account for regional differences.
Introduction
The concept of virtual water has been used to describe the means by which countries that are not water self-sufficient have overcome their water deficits. Water self-sufficiency is defined as the capacity to provide adequate freshwater resources for the domestic, industrial and food needs of a nation. Of these uses, agricultural production constitutes approximately 90 percent of a nation's demand for freshwater, on a global average [1] . The food which is imported into a country requires some quantity of water in its production, which is water that the importing nation avoids allocating to that purpose in the nation itself. It was with respect to this process that Allan [2] introduced the concept of virtual water as the water embedded in water-intensive commodities, such as food crops.
The acceptance of the virtual water concept has also been aided greatly by the water footprint literature [1] [3] [4] [5] . These papers focus on measuring total water consumption by individuals as consumers of specific products. To measure a water footprint, they have calculated the virtual water content of goods and services which are consumed, and aggregated those values over the average consumption patterns for individual nations. Gaining an understanding of the way in which consumption patterns impact the demand for water resources allows for improved forecasts of the global freshwater situation. This understanding also provides a framework for measuring the virtual water flows associated with particular nations or regions of interest.
The virtual water concept has garnered much attention over the past 15 years. A symposium at the 3rd World Water Forum in Kyoto received such great attention that the World Water Council hosted a web-based debate and sponsored a technical report on the issue [6] . Subsequent to that there have been multiple symposia and the development of the Water Footprint Network, which has as its mission to "promote the transition towards sustainable, fair and efficient use of fresh water resources worldwide". Utilizing the virtual water concept in domestic water policy, water-scarce countries have focused agricultural production on products with higher marginal revenue products such as tomatoes (greater than 30% of total agricultural production in Jordan) 1 , even though they require much more water and provide much less food. More recently, the private sector has also become interested in determining the water content of their goods and services (for example, see Patagonia's The Footprint Chronicles) 2 . This work will focus on the measurement of virtual water in West Texas. Groundwater resources in the State of Texas have been the topic of much debate over the years, particularly in the Southern High Plains region. This area is of particular interest due to its limited rainfall, high agricultural utilization, and the fact that it overlies a portion of the extensive Ogallala aquifer. With little to no natural recharge to the Southern portion of the Ogallala, the freshwater resource in this area is essentially nonrenewable. Therefore, management of groundwater in this area is very active. Attempts are currently being made to limit the utilization of the aquifer in order to maintain the resource into the future.
Aldaya et al. [7] indicate that the virtual water literature has made little mention of the opportunity cost associated with the water used in production, to date. They conclude that regions with low levels of soil moisture should specialize in the production of higher valued crops. Wichelns [8] also reminds us that the opportunity cost of surface water and groundwater isn't necessarily greater than that of water existing in the soil. In particular, surface water and groundwater have alternative competing uses in any time period. Additionally, there are many resources which contribute to the production of a good or service and the opportunity cost associated with that production. This research serves, in part, to highlight the relationship between the virtual water methodology and the opportunity cost of water use from nonrenewable groundwater sources. We contend that the distinction between groundwater and soil moisture is important in a time-varying sense, as the current use of a groundwater resource removes the possibility of its use in subsequent time periods.
Due to the unique hydrologic, economic and legal situations in this region of Texas, there is an opportunity to evaluate the concept of virtual water over a highly homogeneous area. We will provide detailed measurement of the water resources required for various crops across this region, and demonstrate the degree to which these measurements vary across space and time. Aldaya et al. [9] demonstrate that the use of regional data that accounts for higher resolution climatic data and local producer behavior yields significantly different virtual water values than those obtained from lower resolution climate data and avoids region-specific production practices. By observing the variations in virtual water over time, accounting for the water use practices of local producers, and applying a coefficient to account for the specific irrigation effectiveness of the irrigation technologies in use in the region, this work suggests that there are potential gains to be made in applying the virtual water methodology to regional water issues.
The purpose of this research is to demonstrate the degree to which quantification of virtual water varies across space and time, utilizing high resolution data. Accuracy of the measurement will be tested against the measured usage of the groundwater resource over the study area. Additionally, we provide results which can help to inform water policy in West Texas. The paper will proceed in the following manner. Section 2 will outline the methodology of quantifying virtual water and subsequent water use measurements for the study area. In section 3, the specific data which will be used to assess the variations in virtual water measurements will be described in detail. Section 4 presents the findings of this research, and section 5 presents our conclusions and directions for future research.
Methodology
The specific water use (SWU) of a crop may be calculated as the volume of water necessary to produce a tonne of the commodity [10] [11] . Specifically, the SWU of a particular crop is calculated as SWU SWU Yield = , where CWU is the crop water usage, and is a function of the crop water requirement (CWR).
It is important to note that the use of CWR in obtaining values for SWU assumes that the amount of water required by the crop is the amount that producers actually use. However, it is possible that the freshwater resource used up in the production process either exceeds the crop water requirement, or in many cases, may be significantly less than the CWR.
Following Chapagain and Orr [12] and Chapagain et al. [5] , we will account for the percent irrigation effectiveness. The adoption of irrigation technology varies greatly by region, and is a function of crop, the cost of implementation, soil types, slope of land, and how the water resource is acquired. According to the Texas Water Development Board [13] , approximately 95% of irrigated cropland in the study area were irrigated using some form of sprinkler technology. We obtain irrigation effectiveness from Amosson et al. [14] for each of the technologies which allows us to estimate an average irrigation effectiveness of 88% for the area of study, which we apply to the calculations here. Blue water needs of the crop are multiplied by a factor of 1.136 to account for the regional irrigation effectiveness.
In arid and semi-arid regions there has been a movement away from full-irrigation of crops toward the practice of deficit irrigation. Deficit irrigation is defined as the application of less than 100 percent of the CWR for a given crop. This practice results in reduced yields, as compared to full-irrigation practices, but a potentially significant savings in water resources. We will assume in our calculations that the typical producer in the study area applies water under a 75% deficit irrigation protocol, or ( )
Allan [15] suggests that it is the water that exists in the soil profiles of the world that are ultimately the key to providing sufficient agricultural production for growing worldwide demand. In evaluating the total water that is involved in the production of a given commodity it is informative to determine the proportion of that water which is applied via irrigation. Water which is applied through irrigation must come from either groundwater or surface water sources. These include rivers, lakes, streams, and aquifers. Water from these sources is termed blue water. The other type of water which is involved in the production of agricultural commodities is that water which exists in the soil profile, and is accessible to a growing crop's root system. This moisture which exists in the soil is termed green water [16] .
Chapagain et al. [5] have separated virtual water into its blue and green components. Our research is especially concerned with this concept as blue water in the study region has a relatively high opportunity cost compared to its green water counterpart. In the case of a nonrenewable, or minimally renewable, blue water resource such as the Southern portion of the Ogallala aquifer, its use precludes future use. Therefore a clear understanding of the blue and green components of SWU has important policy implications.
Following the methodology employed by Chapagain and Orr [12] , we separate virtual water into its blue and green components. We evaluate the SWU for a crop as the summation of the specific water use of a crop resulting from effective rainfall (green) and the specific water use from irrigation (blue). Formally,
where CWU g is effective rainfall and CWU b is calculated as the amount of water beyond effective rainfall that must be applied to meet the total CWR.
Data
The data used here has been selected for the purpose of providing the most accurate quantification of the virtual water content of commodities being produced within the High Plains Underground Water Conservation District (HPUWCD) No. 1 of the state of Texas. This region is unique for a couple of reasons, and is therefore well suited to this analysis. First, the area under consideration is relatively flat, exhibiting only minor elevation change across the region (a difference of approximately 300 meters).This characteristic provides for homogeneous production techniques as well as very little variation in climate. Second, the area is consistently semi-arid, receiving about 48 centimeters of precipitation per year on average. Third, the area overlies the Southern portion of the Ogallala aquifer. This groundwater source provides the region with the freshwater resources necessary to support agricultural production, but that production has resulted in a significant decline in the resource. In addition to being a relatively homogeneous area in terms of topography, climate, and access to groundwater, the water users within these counties are subject to the same water policy and oversight by the HPUWCD. The CWRs for the relevant crops within the HPUWCD were obtained for a ten year time period (1997-2006) to allow for observation across time. For subsequent studies an extension of this data would be useful to evaluate the effect of changes in technology, climate, and resource availability on specific water use. The CWR for each crop is obtained by evaluating the evapotranspiration (ET) of each crop in each time period. The ET data is taken from the Texas High Plains Evapotranspiration (TXHPET) Network 3 . The TXHPET Network provides daily data for the reference ET as well as all relevant crop-specific values at various monitoring sites across the region.
Yield data was obtained at the county level from the USDA NASS data set 4 . The six primary crops of the study region are upland cotton, corn for silage, grain sorghum for silage, wheat for silage, soybeans, and peanuts. Crop yield data was collected for the same ten year period as the CWR calculations, 1997-2006. Additionally, cattle data were acquired for the study area so that the water needs of the feed cattle industry in the region could be evaluated.
The final set of data necessary to evaluate the water usage in the production of crops within the HPUWCD is daily precipitation data. Precipitation data is used to calculate effective rainfall and green water. Precipitation data is taken from the TXHPET Network in an effort to utilize the same meteorological experiences as those that determined the CWR of each crop. Effective rainfall is calculated by importing the daily precipitation data into CROPWAT 8.0 5 . Following Chapagain and Hoekstra [17] and Chapagain et al. [5] , the USDA Soil Conservation Service (SCS) method was used within CROPWAT to obtain effective rainfall values. Green water is then calculated as the effective rainfall that the crop utilizes to meet ET.
Finally, the drawdown of the aquifer over the study period is acquired so that actual usage can be compared with our estimates. The change in water storage in acre feet is obtained from the Texas Tech University Center for Geospatial Technology 6 , and is a result of extensive mapping of actual well observations.
Results
This research aims to evaluate agricultural production on the southern High Plains of Texas using with respect to the virtual water concept. In particular, we quantify the water content of the six primary field crops, decompose the water content into its blue and green components, and investigate the virtual water trade flows associated with the regional cattle industry. Additionally, we compare our estimates of water usage in the region with observed withdrawals from the groundwater resource. This will inform the degree to which future estimates should be scaled to reflect actual water usage in West Texas.
First, we present values for SWU over a 10-year period. Knowing the variations in SWU will lend itself to determining the value of water in the production of these crops, holding all else constant. Policy makers looking to maximize the efficiency of the water resource in terms of its value should look to this measure. Knowledge of the amount of water necessary to produce a tonne of a specific crop allows for valuing the allocation of water in its varied uses by dividing the SWU by the dollars per ton received for the commodity.
Second, because it is ultimately the groundwater resource that is of concern and not precipitation, we decompose SWU into its blue and green components. Using the SWU from blue water we present the value of an acre-inch of water applied to each of the six crops in the region. We also present, as a comparison, the value per acre-inch of blue water when comparing non-irrigated cotton yields to irrigated cotton yields.
Third, we evaluate the water usage of the cattle industry in the study area. The virtual water trade associated with the cattle industry demonstrates the usefulness of evaluating virtual water trade flows. It also serves as an indication of the potential for virtual water calculations to inform water policy. In particular, we may gain a bet-ter understanding of which crops should be produced locally and how the import of other crops from another production region can lead to increased returns on the scarce local water resource.
Finally, we evaluate the accuracy of our measurement against the observed depletion of the aquifer over the ten years of our study period. These findings will help to inform future modifications to the calculation of virtual water in the area in order to increase accuracy and improve its efficacy as a policy tool.
Specific Water Use
We obtain the SWU of each of the six relevant crops in each of the 15 counties in the region, over the 1997-2006 time period, are calculated. We find that there is significant variation across the region over time. For irrigated cotton, the most prevalent crop, there is a difference of 4300 cubic meters per tonne for SWU between two counties in year 2000.That variation represents 84% of the average SWU for the study period. Provided in Table  1 is the average SWU for all crops over the study period.
Blue and Green SWU
Understanding the makeup of the SWU in terms of its blue and green components is especially important here because this region relies on the limitedly-renewable groundwater resources, contained in the Southern portion of the Ogallala aquifer, for agricultural production. With limited rainfall, water pumped from the aquifer accounts for a relatively large percentage of the total water needed by locally produced crops. Additionally, as a limitedly-renewable resource, the external costs associated with its use include not only current alternate uses, but the lost future use of the resource as well.
In order to measure the amount of irrigation necessary to bring a crop to harvest we must first obtain values for effective rainfall. These values vary greatly from year to year as the amount of precipitation varies. Because the producer is capable of substituting precipitation for irrigation, years with above normal rainfall place less stress on the groundwater resource. This allows the individual producer (and the collective agricultural community relying on the aquifer) to extend their planning horizon as more of the resource remains in situ.
Having obtained daily effective rainfall values for the region we are able to determine the portion of the CWR that is met by effective rainfall. As mentioned in Section 2, we have assumed that producers operate under a 75% deficit irrigation protocol. The amount of blue water needed by the crop is then calculated as the difference between meeting 75% of the CWR and the quantity of effective rainfall. Multiplying this value by 1.136 to account for the assumed 88% irrigation effectiveness yields the total blue water usage. We then use effective rainfall, blue water use, and crop yield to evaluate the portion of the SWU of each crop that is attributable to green and blue water. Table 2 presents SWU g and Table 3 presents CWU b .
While it is informative to know the source of water used by the crop, as well as the amount of water that is necessary to obtain a particular amount of each crop, these measures don't provide the water policy maker (or producer) with the necessary information to inform decisions. However, by applying the market price for a ton of each commodity we are able to determine the amount of revenue resulting from the application of the blue water resource across crops (see Table 4 ). It is important that this information alone isn't used to inform water Table 4 suggest that the best use of the blue water resource over this ten year time period is in the production of peanuts. However, peanuts are produced in a relatively small area of the region. Their production is limited by the need for sandy soil and a minimum of two years crop rotation. Of the other crops, which are more homogeneous in their production, cotton yields the greatest return on the water resource in the region. If the focus of the policy maker in this region were to garner the greatest revenues from the scarce water resource when used for the production of agricultural commodities, then policy encouraging the production of cotton should be encouraged.
As a comparison to the blue water SWU values provided above, we compare the value received from irrigated cotton in the region to the value of dryland cotton production (see Table 5 ).The estimated value of blue water should be similar, but differences in the production technologies of the two crops yield some variation in our valuation. It is clear from either method of calculating the value of blue water that the use of the groundwater resource yields increased revenues for the producing region. However, we may ask whether these increased revenues are an appropriate use of a scarce water resource. In particular, it is worth noting that, on average, irrigation of cotton results in an increase of $0.19 per cubic meter of water across the study area between 1997 and 2006. Referring back to Table 4 , we find that blue water use for cotton production results in an average of $0.72 per cubic meter. As a comparison, citizens of the city of Lubbock, TX (the largest population density in the region) pay between $0.71 and $1.57 per cubic meter of residential water use 7 . These rates should reflect a lower bound on the value that citizens place on water as their willingness to pay will exceed or meet these values over the range of consumption in the market.
These results suggest that water policy in the region should emphasize maintaining the water resource for domestic use in the future while simultaneously promoting the production of high-valued rain fed or minimal irrigation crops. Given the role of agricultural production in the economy of the region, a perfect balance is likely difficult to achieve.
Virtual Water and the Cattle Industry
The region is also home to a large number of firms in the cattle and dairy industries. These industries rely heavily on feed for their livestock, making it a water intensive production process. Water usage for the production of livestock can be divided into two primary categories. First, direct water usage is the water that is required by the animals on site, which includes water for drinking and wastewater. Direct water in the region is obtained from the aquifer. The second form of water usage is indirect, which is comprised of the water content of the feedstock that the animals require. This water is sourced from the aquifer when it comes from feedstock produced locally. However, when there is a higher valued use of the resource (such as cotton production), it is preferable for the water embodied in the feedstock to be imported from other regions. In Table 6 we present the water used by cattle producers in the region. Of primary interest is the share of the total water needs being imported in the form of indirect water. The water-scarce producing region has allocated the resource to its highest-valued use while importing the more water-intensive, lower-valued, dry grains. These findings support the proposition by Wichelns [18] that the optimal production decision, given scarce water resources, will often resemble policy that has been informed by the virtual water concept. Namely, that the region should produce those agricultural commodities that represent a high value per unit of water while importing lower valued commodities.
Assessment of Virtual Water Measure Accuracy
The previous calculations have provided a picture of the water usage in the Southern High Plains of West Texas by utilizing the accepted virtual water measure. Here, we present a comparison of the aggregation of our estimates to the observed change in water available in the aquifer. If we are to continue to use virtual water calculations to assist in forming water policy, it is important that they are an accurate reflection of local water usage. In order to compare our estimates of water usage with the change in the volume of water in the aquifer, we must first account for the volume of water that is re-entering the aquifer on an annual basis through recharge. Mullican III et al. [19] reviewed numerous studies of recharge in the area and found that the majority of those studies place the natural recharge rate at between 1.27 and 7.62 centimeters annually, depending on the precise location of the study. Based upon those results we have assumed natural recharge of 2.54 centimeters annually. Our blue water estimates have assumed an 88% irrigation effectiveness and 75% deficit irrigation protocol. However, it is also necessary to adjust our estimates of total water usage to account for uses outside of agricultural commodity production. Amosson et al. [20] find that typical water usage by the agricultural commodity production sector accounts for 93.25% of all water usage in the region. We have therefore increased our estimates of water usage to account for this additional demand on the water in the aquifer. The results of these calculations are presented in Table 7 .
We find that, on average, we have overestimated the water usage in the region by 345 million cubic meters per year. The average number of irrigated hectares over this time period is 803,459, which implies an overestimate of 4.3 centimeters of water applied on average. This discrepancy ranges from 7% to 108% of estimated blue water usage per acre. While the calculations provided throughout this work are still quite informative, and may be used to help inform water policy, it should be noted that this methodology could further benefit from increased resolution of the data.
Conclusions
In this work we have evaluated the water usage in the agricultural commodity production sector of the Southern High Plains of Texas by employing the virtual water methodology. CWR is used to calculate SWU. We present SWU values, because the CWR data are misleading (stated later in this paragraph). This result reinforces the need to obtain the highest resolution data possible when conducting virtual water research. Additionally, if the CWR were to be used to inform policy, it would suggest that the two most prevalent crops, cotton and corn, should not be produced. Such a policy decision would result in lower returns on the water resource, which is why we have presented the preferred measure of SWU. We then provided the SWU of the relevant crops, and evaluated the blue water and green water composition of SWU. We find that local producers are already producing the crops which yield the greatest value from the water resource. This result isn't surprising given that the costs of other inputs in the production process are quite similar across the crops produced in the region.
Finally, we presented data on water usage by the cattle and dairy industries in the region. We found that the direct water needs were being met with the local water resource, but that the majority of water-intensive feed grains were being imported from other producing regions of the United States. Through the import of the water contained in the feed grains, local cattle producers are able to maximize the return on the local water resource. Given this, those responsible for water policy in the area should encourage similar behavior if conservation and return on the water resource continue to be the goals.
Future research in this area should evaluate the differential impact that trade of water-intensive goods has on producing regions. The negative externalities related to agricultural production are typically not captured in the price of the commodity. However, the virtual water concept may provide an opportunity to begin to value these third-party costs. During the production process there are multiple chemicals (nitrogen fertilizers, herbicides and pesticides) applied which must ultimately be dissolved by the water resource. Additionally, the use of a nonrenewable underground water resource for irrigation in one period necessarily reduces the available resource in all subsequent periods. Quantification of these negative externalities in terms of water will result in an increased measure of virtual water and may help to inform policy in ways that the price mechanism has failed previously.
